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INTRODUCTION 

The chemis t ry  of s u l f u r  removal from h igh  molecular  weight  

h e t e r o c y c l i c  s u l f u r  compo-unds has  become o f  i n c r e a s i n g  i n t e r e s t  w i t h  

t h e  r e f i n i n g  of h igh  b o i l i n g  and r e s i d u a l  petroleum f r a c t i o l i s .  

genzothiophenes have long  been recognized  a s  majoF c o n s t i t u e n t s  of 

h e a v i e r  f r a c t i o n s .  

f ami ly  was t h e  p a r e n t  compound, beqzo[b] th iophene ,  I (1). Sub- 

sequen t ly ,  22  a lky lbenzo[b ] th iophenes  have been i d e n t i f i e d  i n  a 

200-250°C d i s t i l l a t e  of  Wasson, Texas cr-dc oil- (2 ,3 )  . Five  

compounds i n  t h i s  group,  2-methyl- (111,  3-methyl- (111) , 2,3-di-  

methyl- ,  2,4-dimethyl- and 2,7-dimethyl- benzo[b l th iophene ,  comprise 

over 80% of  t h e  benzothiophenes p r e s e n t  i n  t h e  200-250°C d i s t i l l a t e  

The f i r s t  isolated and i d e n t i f i e d  m e m b e r  of t h i s  

f r a c t i o n .  

L i t t l e  q u a n t i t a t i v e  in fo rma t ion  is available concerning 

t h e  behav io r  of t h i s  type  o f  fused  2-r ing h e t e r o c y c l i c -  s u l f u r  

molecule  under hydrogenat ive  p rocess ing  c o n d i t i o n s  ( 4 ) .  It has  

been r e p o r t e d  t h a t  t h e  hydrogenolys is  of benzothipphene I wi th  

Raney n i c k e l  (2 ,5 )  , pal lad ium on alumina ( 6 , 7 ) ,  molybdenum d i s u l f i d e  

(8 ,9 )  , and c o b a l t  molybdena (10,111 gives e thy lbenzene  and e t h y l -  

cyclohexane,  o r  a mix tu re  of t h e s e  two compounds. Over molybdenum 

d i s u l f i d e  i n  t h e  l i q u i d  phase ,  1 is conver t ed  i n  2 hours  a t  425OC 
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and 4 1  a tmospheres  t o  e thylbenzene  i n  9 0 %  y i e l d  ( 9 )  wh i l e  a t  34OOC 

and  100 atmospheres ,  a lower tempera ture  and h i g h e r  p r e s s u r e ,  I 

r e a c t s  j u s t  as e a s i l y  (93% convers ion)  t o  g i v e  e thylbenzene  i n  

8 0 %  y i e l d  and e thy lcyc lohexane  i n  8% y i e l d  ( 8 ) .  Coba l t  molybdena 

i s  e q u a l l y  a s  e f f e c t i v e ,  g i v i n g  9 1 %  s u l f u r  f r e e  p roduc t  i n  8 hours  

a t  4 O O O C  and 1 atmosphere (10,ll). I n  c o n t r a s t ,  a lmos t  no informa- 

t i o n  is a v a i l a b l e  on t h e  hydrogenolys is  of  a l k y l  benzo[b l th iophenes .  

L ikewise ,  l i t t l e  i s  known on t h e  mechanism of  t h i s  r e a c t i o n .  

Cawley c o n j e c t u r e d  some y e a r s  ago i n  comments t o  t h e  work of  Hoog, 

et .  a l .  (llb) t h a t  2 , 3-dihydrobenzo [bl th iophene  ( I V )  i s  an  in t e rmed ia t e  

i n  t h i s  r e a c t i o n  (12). There i s  as y e t  s t i l l  no ev idence  regard ing  

t h i s  s u p p o s i t i o n .  

Evidence r e g a r d i n g  t h e  r e l a t i v e  e a s e  w i t h  which thiophene 

and benzo[b ] th iophene  d e s u l f u r i z e  is c o n t r a d i c t o r y .  Landa and 

Mrnkova ( 8 )  found I was more e a s i l y  d e s u l f u r i z e d  than  th iophene .  

Yamada ( 9 ) ,  on t h e  o t h e r  hand, found t h e  o p p o s i t e ,  w h i l e  Papadopoulos 

and  Wilson (10) found t h e i r  r e a c t i v i t y  n e a r l y  e q u i v a l e n t .  

The l a c k  of in fo rma t ion  on t h e  chemical  behav io r  o f  t h e s e  

i m p o r t a n t  petroleum c o n s t i t u e n t s  has  l e d  us  t o  a n  examinat ion  of t h e  

hydrogeno lys i s  of benzo[b ] th iophenes  ove r  a commercial ly  a v a i l a b l e  

c o b a l t  molybdena c a t a l y s t .  The v a r i o u s  benzothiophenes examined 

here a r e  c l e a r l y  r e p r e s e n t a t i v e  of  t h o s e  found i n  pe t ro leum s i n c e  

a l l  were i d e n t i f i e d  i n  Wasson, Texas,  c rude  o i l  ( 2 ) .  I n  a d d i t i o n ,  

various p o s s i b l e  i n t e r m e d i a t e s  have been examined under  the same 

c o n d i t i o n s  to f u r t h e r  e l u c i d a t e  t h e  sequence of s t e p s  involved  i n  

d e s u l f u r i z a t i o n .  

L 

f 

r 
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EXPERIMENTAL 

A l l  m e l t i n g  p o i n t s  w e r e  o b t a i n e d  on a F i she r - Johns  

m e l t i n g  p o i n t  b lock .  The i n f r a r e d  s p e c t r a  w e r e  de t e rmined  w i t h  

a Perkin-Elmer Model 337 g r a t i n g  s p e c t r o p h o t o m e t e r - a s  e i t h e r  n e a t  

l i q u i d s  o r  suspens ions  i n  potassium bromide p e l l e t s .  The NMR s p e c t r a  

w e r e  determined on a Varian Model A-60 NMR s p e c t r o m e t e r ,  u s i n g  

t e t r a m e t h y l s i l a n e  as t h e  i n t e r n a l  r e f e r e n c e .  The mass s p e c t r a  were 

o b t a i n e d  w i t h  a CEC Model 21-103 mass spectrometer a t  a n  i o n i z i n g  

p o t e n t i a l  of 70 ev u s i n g  a n  a l l  glass i n l e t  system. Gas - l iqu id  

p a r t i t i o n  chromatography was performed w i t h  an F&M Model 810 g a s  

chromatograph u s i n g  a 12  f t . ,  1/8 i n .  0.13. column packed w i t h  20% 

Carbowax 20 M on Chromosorb W. P r e p a r a t i v e  s e p a r a t i o n s  w e r e  done 

e i t h e r  on t h i s  chromatograph or on a H e w l e t t  Packard Model 775 

p r e p a r a t i v e  g a s  chromatograph. 

A. M a t e r i a l s  

C a t a l y s t .  The c o b a l t  molybdena w a s  H a r s h a w  CoMo 0601 
2 suppor ted  on an  alumina s u r f a c e  ( S .  A. 160 m /g. COO, 3%; Moo3, 

1 0 . 0 % ) .  The noble  m e t a l  c a t a l y s t s  w e r e  0.298 Pd, 0.32% Rh and 

0.60% P t  on non-acidic  a lumina composi t ions  ( 1 3 ) .  The c a t a l y s t s  

were ground t o  8/14 mesh p a r t i c l e s  and p r e t r e a t e d  i n  hydrogen a t  

500-550°C f o r  t h r e e  hours  immediately p r i o r - t o  use .  

Benzo [bl th iophenes .  3-Methylbenzo [bl  t h i o p h e n e  w a s  p r e p a r e d  

by t h e  method of Werner ( 1 4 )  and B a n f i e l d  (15) .  1-Phenylmercapto- 

propanone-2 w a s  p repared  f r o m  t h i o p h e n o l  and 1-chloro-2-propanone 

and c y c l i z e d  to  3-methylbenzotbl thiophene;  n? 1.6237 [ L i t .  (16)  

n? 1 .62521;  Mw(MS) 148: s u l f o n e ,  mp 140' [ L i t .  ( 1 4 )  146-146.5Ol. 



The following compounds were also prepared by the above 

method: 

nio 1.6170) Mw (MS) 162; 2,3,7-trimethylbenzo [bl thiophene, mp 50 

(Lit. (14) mp 51-2') Mw(MS) 176: sulfone, mp 192' (Lit. (14) 190- 

191') : 3,7-dimethylbenzo[bl thiophene, bplaO 92', nio 1.6069 (Lit. 

(15) bp12 122-4, nA5 1.6090) Mw(MS) 162. 

2,3-dimethylbenzo[b] thiophene, n;' 1.6071 (Lit. (14) 

2-Methylbenzo [bl thiophene was produced from &(o-carboxyl- 

phenylmercapto) propionic acid [mp 196' (Lit. (17) mp 193-195O)I 

by the method of Hansch and Lindwall (181, mp 40' (Lit. (20), mp 

51-52), Mw(MS) 148: sulfone, mp 107' (Lit. (20) 108.5-110°). 

7-Methylbenzo [bl thiophene was synthesized by the method of 

Sunthankar and Tilak (21) : bp0.5 56', nio 1.6110 (Lit. (21) bp4 

110-115'. 2,7-Dimethylbenzo[b]thiophene was prepared in a similar 

fashion bpos3 66-67' (Lit. ( 2 0 )  bpll 132-136') n;' 1.6054, Mw(MS) 162. ' 
2,3-Dihydrobenzo[b] thiophene. Oxidation of benzo [b] thiophene c 

with hydrogen peroxide and acetic acid gave benzo[blthiophene 1,l- 

dioxide, rnp 139' (Lit. (22) 142-3') that was hydrogenated over 10% 

Pd on carbon in ethanol to give 2,3-dihydrobenzo[b]thiophene 1,l- 

dioxide, mp 9l0 (Lit. (23) mp 91-92'). This was treated with lithium 

aluminum hydride in ether to give 2,3-dihydrobenzo[b] thiophene ( 2 4 )  r 

bp5 94-96', 
f 

(Lit.' (25) bp6 93'); nD 1.6195 (Lit. (25) ni5 1.6195); 

infrared is identical with earlier data (25). ,r 

2,3,7-Trimethylbenzo [b] thiophene 1-dioxide in ethanol was r 

I 

2,3-Dihydro-2 , 3,7-trimethylbenzo [b] thiophene 

reduced over 10% palladium on charcoal at 12OOC and 750 psig hydrogen. 

The solvent was removed and the resulting material chromatographed I 
over silica gel. Non-sulfone contaminants were removed with benzene 

and the product was then eluted with 50% benzene - 509 methanol. i 

1 
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This  material w a s  t r e a t e d  w i t h  l i t h i u m  aluminum h y d r i d e  i n  tetra- 

hydrofuran  fo r  1 .5  hours .  The deoxygenated p r o d u c t  was s e p a r a t e d  

by chromatography on s i l i c a  g e l .  Two major  p r o d u c t s  were isolated 

by p r e p a r a t i v e  g a s  l i q u i d  chromatography c o n s i s t e n t  w i t h  threo-  and 

erythro-2,3-dihydro-2~3,7-trimethylbenzo[blthiophene~ 

= 1.1-1.7 
& 3-CH3 F i r s t  p roduct :  Mw(MS) 178; NMR 6 2-CH3 

5 

ppm ( 6 )  1 6 7-CH3 = 2.1-2.3 ( 3 1 ,  6 2-H = 3.2-3.8 (11, 6 3-H = 2.7-3.2 

= 8.0 H z .  Su l fone :  m p  
JH2 H3  

(11, 6 aromatic = 6-7-7.2 ( 3 1 ,  

69-69.5OC. I n t e g r a l  r a t i o s  are shown i n  p a r e n t h e s e s .  

Second product :  Mw(MS) 178; NMR 6 2-CH3 and 3-CH = 1.0-1.4 
3 

ppm ( 6 )  

('1 1 6 H a romat i c  

6 7-CH3 = 3.0-3.6 (31,  6 2 - H  = 3.2-3.8 ( 1 1 ,  6 3-H = 3.6-4.2 

= 6.8  Hz. 
JH2 H3 

= 6.7-7.2 ( 3 ) ,  

2-Ethyl thiophenol .  This  compound w a s  p repa red  by t h e  method 

of Kwart and Evans ( 2 6 ) .  The o i l  p roduc t  was d i s s o l v e d  i n  hexane and 

e x t r a c t e d  wi th  1 0 %  sodium hydroxide.  The b a s e  soluble m a t e r i a l  a f t e r  

a c i d i f i c a t i o n  and d i s t i l l a t i o n  w a s  found t o  be t h e  d e s i r e d  p r o d u c t  [bp 

208' a t  760 mm or 72O a t  5 mm ( L i t .  (27)  208O a t  1 atm.); n i o  1.56601. 

The hexane s o l u b l e  m a t e r i a l  proved t o  b e  2-e thylphenyl  

Anal .  Calcd .  f o r  C9H12S; C ,  methyl s u l f i d e ,  bp5 87'; nD 1.5700. 

71,OO; H ,  7.94; S t  21.05. Found: C,  70.74; H ,  8.03; s, 20.7. 

Benzo [b]  th iophene  , p - p h e n y l e t h y l  mercaptan ,  and e t h y l  

phenyl  s u l f i d e  w e r e  o b t a i n e d  from commercial s o u r c e s  and r e q u i r e d  n o  

f u r t h e r  p u r i f i c a t i o n .  

4,5 , 6 , 7-Tetrahydrobenzo [b ]  th iophene  w a s  p repa red  by t h e  

Clemmensen r e d u c t i o n  o f  4-keto-4,5,6,7-tetrahydrobenzo[b] th iophene;  

bp5 75O ( L i t .  (28) b p j  53-58O); nD 1.5555 ( L i t .  ( 2 9 )  n i o  1.5572) .  

B. Apparatus ,  Procedure  and Ana lys i s  

A con t inuous  f low r e a c t o r  system w a s  employed. Reac tan ts  

( d i l u t e d  t o  50% w t .  i n  hexane)  w e r e  f l a s h e d  i n t o  t h e  c a r r i e r  g a s  and 
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passed  through t h e  c a t a l y s t  bed.  100 mm of t h e  t u b u l a r  r e a c t o r  

l e n g t h  ( 1 4 0  mm x 2 2  nun) c o n s i s t e d  of a q u a r t z  p r e h e a t e r  main ta ined  

a t  t h e  same t empera tu re  a s  t h e  c a t a l y s t  bed. The r e a c t a n t  flow was 

mainta ined  by a s y r i n g e  pump. The reactor e f f l u e n t  was passed  

through a water  condenser  and t h e  l i q u i d  condensa te  ana lyzed .  

Product  r e c o v e r i e s  w e r e  e x c e l l e n t  w i th  l i t t l e  coke accumula t ion  

du r ing  t h e  r e a c t i o n .  

c o n t a i n i n g  f r a c t i o n s  w a s  made by g a s - l i q u i d  chromatography on a 

Carbowax 20M s u p p o r t e d  column. P o s i t i v e  i d e n t i f i c a t i o n  of t h e  

p roduc t s  was accomplished by comparing r e t e n t i o n  times wi th  a u t h e n t i c  

samples  and by o b t a i n i n g  mass s p e c t r a  of  samples  i s o l a t e d  by 

p r e p a r a t i v e  chromatography and comparing them w i t h  known s p e c t r a .  

Conversions and p r o d u c t  d i s t r i b u t i o n s  a r e  based on r ecove red  con- 

d e n s a t e ,  where d e t e c t o r  response  i s  uncor rec t ed  excep t  as determined 

Ana lys i s  o f  t h e  hydrocarbon and s u l f u r  

by expe r imen ta l  means f o r  I ,  I V  and e thylbenzene  where d e c t o r  

r e sponse  i s  p r o p o r t i o n a l  t o  molar  r a t i o s .  

RESULTS AND D I S C U S S I O N  

Both s u l f u r  c o n t a i n i n g  and s u l f u r  f r e e  (hydrocarbon)  

p roduc t s  were formed i n  t h e  gas  phase hydrogenolys is  of methyl  

and polymethyl  s u b s t i t u t e d  benzo [bl t h iophenes  a t  1 atmosphere 

and 4OOOC over  c o b a l t  molybdena. Under t h e s e  c o n d i t i o n s  benzo 

th iophene  ( I )  w a s  c o n v e r t e d  t o  e thy lbenzene  and hydrogen s u l f i l  

(Table  1). Over alumina suppor t ed  noble  metal c a t a l y s t s ,  2 , 3 -  

b l -  

e 
I 

I 
J 

dihydrobenzo[b]thiophene (IV) w a s  a l s o  a major  product .  N o  o t h e r  

s p e c i e s  ( o t h e r  t h a n  t h o s e  i n  equa t ion  1) were observed  i n  amounts 

g r e a t e r  t han  1% of  t h e  p roduc t  mix tu re .  
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I 

t .  

I 

\ 

I 

I IV 

The t r u e  c a t a l y t i c  n a t u r e  Qf t h i s  r e a c t i o n  is obvious 

from t w o  obse rva t ions .  F i r s t ,  t h e  thermal  s t a b i l i t y  of I, and 

presumably t h e  o t h e r  benzo[b l th iophenes ,  is  e v i d e n t  f r o m  t h e  

absence  o f  any r e a c t i o n  o v e r  n o n a c i d i c  alumina under  l i k e  condi- 

t i o n s  a t  400'C. Secondly,  t h e  importance of hydrogen i n  t h i s  

r e a c t i o n  i s  i l l u s t r a t e d  by t h e  l a c k  o f  any r e a c t i o n  of  I over  

cobalt molybdena i n  n i t r o g e n  a t  400OC. 

. T a b l e  1 

Hydrodesul f u r  i z a t i o n  of  Benzothiophenea 

P roduc t s  
Conversion Ethylbenzene E Other  b C a t a l y s t  

4 -- C o b a  It molybdena' 91-99 96 
d Cobalt molybdena 

Non-acidic alumina 

none 

none 

Pt on non-ac id ic  a lumina 24 - 9 2  ' 8 -- 
Rh o n  non-ac id ic  a lumina 1 4  84 1 6  -- 
Pd on non-ac id ic  a lumina 2 7 5  25 -- 
a. Condi t ions :  LHSV 0.30; H 2 / I  = 3; 400OC; samples  t aken  a f t e r  

one hour  on stream; P r e t r e a t :  3 H r s .  a t  15 cc/min/8cc 
c a t a l y s t  a t  500OC;  I charged  a Z 2 ; 0 %  by weight  hexane. 

b. For c a t a l y s t  d e s c r i p t i o n s  see Experimental .  

c. I n  a n o t h e r  r u n  wi th  H -H S p r e t r e a t  (25  cc/min. H2,  lOcc/min. 
H 2 S  a t  400OC) observe3  9?% convers ion  w i t h  same s e l e c t i v i t y .  

Run made i n  N2;  sample t aken  a t  0.5 h r .  on stream. d. 

, 



- 142 .. 

A l l  of t h e  c a t a l y s t s  w e  t e s t e d  were reduced i n  hydrogen 

f o r  3 hours  a t  500-550°C immediately b e f o r e  use.  S i n c e  s u l f i d i n g  

had  n o  e f f e c t  on t h i s  r e a c t i o n  t h e  c a t a l y s t s  were used  i n  t h e  ox ide  

s ta te .  A s i m i l a r  l a c k  of any a f f e c t  by s u l f i d i n g  was observed  by 

Lipsch  and S c h u i t  ( 3 0 )  on t h e  th iophene  d e s u l f u r i z a t i o n .  

A t  a c o n s t a n t  hydrogen- reac tan t  r a t i o  f o r  cobal t  molybdena 

t h e  l o g  convers ion  var ies  l i n e a r l y  w i t h  LHSV (Table  2 ) .  I t  appea r s  

t h a t  t h i s  r e a c t i o n  i s  n o t  unduly compl ica ted  by d i f f u s i o n  problems 

a t  t h e  c o n d i t i o n s  used  h e r e .  N o  a p p a r e n t  a g i n g  was observed  du r ing  

t h e s e  4 hour runs  over c o b a l t  molybdena. T h i s  a g r e e s  wi th  t h e  

r e s u l t s  o f  Kolboe who found t h e  same absence  of  ag ing  f o r  th iophene  

hydrogeno lys i s  o v e r  c o b a l t  molybdena (31) .  W e  a l so  found t h a t ,  

w i t h  t h e  noble  metal  c a t a l y s t s ,  conve r s ion  of  I dropped r a p i d l y  

w i t h  t i m e  on s t r eam.  

Table  2 

E f f e c t  o f  LHSV on Benzo[b] t h iophene  Conversion o v e r  Cobal t  M o l y b d e s  

I 

0 .3  1 . 2  cc /h r .  8 cc/min 8 3  1 3  

-2- H R a t e  Ethylbenzene - - LHSV Flow R a t e  o f  I 

1.0 4.0 25 63 34 

2.0 8.0 50 44 54 

4.0 16 .O 100 18 82b 

a. C a t a l y s t ,  4cc ( 3 . 3 1  9); 4OOOC; y i e l d s  i n  mole p e r c e n t .  

b. Conta ins  2% IV. 

A. Product  C h a r a c t e r i s t i c s  

The p r o d u c t  d i s t r i b u t i o n s  from t h e s e  r e a c t a n t s  are  

dependent  on t h e  number and p o s i t i o n s  of methyl  s u b s t i t u e n t s ,  and 
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1 

I 

- _. 

! 

. 

become i n c r e a s i n g l y  complex a s  t h e  number o f  methyl  s u b s t i t u e n t s  

i n c r e a s e  i n  t h e  r e a c t a n t .  

1. Primary S u l f u r  Ex t rus ion  

The main hydrocarbon p roduc t s  from t h i s  r e a c t i o n  a r i s e  

from s imple ,  d i r e c t  s u l f u r  e x t r u s i o n .  This  i s  i l l u s t r a t e d  i n  

equa t ion  2 below wi th  2-methylbenzo[b]thiophene (11) which gave 

n-propylbenzene a s  t h e  major  hydrocarbon p roduc t  (Table  3 )  . 

, .  
. .  . .  

. . . .  

, . ... . _ _  -. . . . . ___. .. . 

(2.) 

2. Alkyl  Migra t ion  on Thiophene Ring 

The m a j o r  s u l f u r  c o n t a i n i n g  p r c d u c t s  a r i s e  from 1,2-methyl 

s h i f t s  on t h e  th iophene  r i n g .  For  example,  the 3-methylbenzo[bl thio-  

phene (111) produced from I1 a r o s e  by a s imple  methyl  s h i f t  from 

t h e  C-2 t o  t h e  C-3  p o s i t i o n  a s  shown i n  equa t ion  3.  

@yA N C H 3 >  @-JjCH3 (3 1 

CH3 . 
I1 I11 

3. Dea lky la t ion  From Thiophene Ring 

S u l f u r  c o n t a i n i n g  p roduc t s  a l so  a r i s e  f r o m  loss o f  

th iophene  r i n g  methyl  s u b s t i t u e n t s .  Fo r  example, I w a s  formed 
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1, 

from I1 by s imple  d e a l k y l a t i o n  of  t h e  2-methyl s u b s t i t u e n t  a s  
I !  

! 

shown i n  e q u a t i o n  4 .  

@-A \ S 
I1 

. .  . . . . . . . _. , 

e. 

,. >m - CH3 

CH3 
I 

( 4 )  

. .  . 
. .  

These d e a l k y l a t i o n  p roduc t s  w e r e  u s u a l l y  formed i n  

smaller amounts t h a n  t h o s e  produced v i a  e q u a t i o n  3. This ,  of cour se ,  

does  n o t  app ly  where bo th  th iophene  p o s i t i o n s  are occupied  and t h e  

p a t h  i n  e q u a t i o n  3 i s  imposs ib l e .  For example, I1 and I11 found i n  

t h e  p roduc t  from 2,3-dimeth~lbenzo[b]thiophene, a s  shown i n  equa t ion  

5, r e s u l t e d  from monodemethylation r e a c t i o n s .  These were t h e  major  

s u l f u r  p roduc t s  s i n c e  s imple  1,2-methyl s h i f t s  were n o t  p e r m i t t e d  

i n  t h e  r e a c t a n t .  

1 
I 

. _ _  - - -  I- 
i . '  I 

' ,  6 p  
4 .  Secondary S u l f u r  Ex t rus ion  

@gCH3 I1 

( 5 )  

Hydrocarbon p roduc t s  r e s u l t i n g  f r o m  s imple  s u l f u r  

e x t r u s i o n  of r e a r r a n g e d  and demethyla ted  s u l f u r  p r o d u c t s  a r e  found 

i n  somewhat lesser amounts t h a n  t h e  d i r e c t l y  formed e x t r u s i o n  

p roduc t  i n  e q u a t i o n  ( 3 ) .  T h i s ' i s  i l l u s t r a t e d  by e q u a t i o n  6 where 

\ 

', 
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t h e  cumene and e thy lbenzene  formed from I1 r e s u l t e d  from s u l f u r  

e x t r u s i o n  of the me thy l  r ea r r anged  and d e a l k y l a t e d  p roduc t s ,  I11 

and I ,  r e s p e c t i v e l y .  

The same e x p l a n a t i o n  is a p p l i e d  t o  t h e  format ion  of 

n-propylbenzene and cumene from 2,3-dimethylbenzo[blthiophene 

i l l u s t r a t e d  i n  e q u a t i o n  5.  

5. R e l a t i v e  I n e r t n e s s  of  Alkyl  S u b s t i t u e n t s  on Benzene Ring 

Methyl s u b s t i t u e n t s  on t h e  benzene r i n g  of benzo[b l th io -  

phene n e i t h e r  r e a r r a n g e  n o r  d e a l k y l a t e  under .  t h e  c o n d i t i o n s  used i n  

t h i s  s tudy .  The p r o d u c t s  a r e  t h e  same as those  from non-s ix- r ing  

s u b s t i t u t e d  benzo [b l  t h iophenes  e x c e p t  t h a t  each product  bears an 

a p p r o p r i a t e l y  placed methyl  s u b s t i t u e n t .  For example, 7-methyl- 

benzo [b] th iophene  gave  o n l y  3 -e thy l to luene  ( equa t ion  7 )  . N e i t h e r  

t h e  o r t h o  or para isomer  was produced. The p roduc t  d i s t r i b u t i o n s  

i n  Table  3 ,  where t h e  7-methyl and t h e  non-s ix- r ing  s u b s t i t u t e d  

benzo[bl  t h iophenes  are compared, a t t e s t  t o  t h i s  fact. 

CN 

(T t 7'1 

CH 3 
. ... , .  
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Applying t h e s e  r e l a t i o n s h i p s  p e r m i t s  us t o  p r e d i c t  w i t h  

some c e r t a i n t y  t h e  p r o d u c t s  f r o m  hydrogenolys is  of  any o t h e r  

methyl- o r  polymethyl-benzo [b]  thiophene.  

th iophene  from Table  3 a s  an example, w e  found t h e  p r e d i c t i o n s  and 

r e s u l t s  a g r e e ,  namely: 

Using 3,7-dimethylbenzo [bl - 

1. 

2. . .  

3. 

4 .  

3- isopropyl to luene  was t h e  major hydrocarbon product  

(compare w i t h  e q u a t i o n  2) ;  

2 , 7-dimethylbenzo [b]  th iophene  and 7-methylbenzo [bl-  

th iophene  w e r e  t h e  ma jo r  s u l f u r  c o n t a i n i n g  p r o d u c t s  

(compare w i t h  e q u a t i o n s  (3)  and ( 4 )  r e s p e c t i v e l y )  ; 

lesser amounts of  3-n-propyl toluene and 3-ethyl-  

t o l u e n e  t h a n  t h e  major hydrocarbon p r o d u c t  w e r e  formed 

(compare w i t h  e q u a t i o n  (5 )  ; 

no loss or  m i g r a t i o n  of the methyl  group o r i g i n a l l y  

a t t a c h e d  to t h e  benzene r i n g  of t h e  3,7-dimethylbenzo [b] - 
th iophene  occurred .  

The same a p p l i e s  t o  o t h e r  examples chosen from Table  3. 

B. A l t e r n a t i v e  Mechanisms 

Although v a r i o u s  a l t e r n a t i v e  e x p l a n a t i o n s  may be a p p l i e d  

t o  e x p l a i n  c e r t a i n  p r o d u c t s ,  g e n e r a l l y  on close examinat ion t h e y  

are less t e n a b l e  t h a n  t h o s e  a l r e a d y  p o s t u l a t e d .  For example, i f  

e thy lbenzene ,  formed from 11, had a r i s e n  v ia  c r a c k i n g  of  n-propyl- 

benzene, t o l u e n e  should  have been an even more abundant  product  

t h a n  it w a s ,  s i n c e  such  a mechanism would have favored  t o l u e n e  over  

e thylbenzene .  The c o n c e n t r a t i o n  of e thylbenzene  i n  t h e  product  

was, i n  f a c t ,  8 t i m e s  g r e a t e r  t h a n  t o l u e n e .  An e q u a l l y  u n l i k e l y  
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mechanism i s  t h e  fo rma t ion  of e thy lbenzene  v i a  cumene c r a c k i n g  

s i n c e  benzene would have  been expec ted  as  t h e  f avored  p roduc t .  

Again,  t h e  y i e l d  of e thy lbenzene  w a s  some 8 t i m e s  g r e a t e r  t h a n  

t h a t  of benzene. 

Cumene i n  t h e  p rodue t  may have formed from I1 through 

n-propylbenzene s i d e  c h a i n  i s o m e r i z a t i o n ,  which i s  known t o  occur  

t o  a s l i g h t  e x t e n t  under  t h e s e  c o n d i t i o n s .  However, t h e  p re sence  

of I11 i n  t h e  p r o d u c t  from the .2- i somer  (11) and t h e  observed  

s i m i l a r  r e l a t i v e  h y d r o d e s u l f u r i z a t i o n  rates f o r  t h e s e  isomers 

(,see convers ion  d a t a  i n  Table  4 below) r e q u i r e  t h a t  a t  l ea s t  some 

of t h e  cumene comes v i a  t h e  h y d r o d e s u l f u r i z a t i o n  r o u t e  i n  equa t ion  

5. I t  seems l i k e l y  t h a t  t h e s e  r o u t e s  occur  c o n c u r r e n t l y ,  w i t h  t h e  

s u l f u r  e x t r u s i o n  r o u t e  probably  b e i n g  favored .  

C. Conversion - Hydrodesu l fu r i za t ion :  S t r u c t u r e  ,Ef fec ts  

Although i n  t h e s e  c a s e s  g r e a t  s i m i l a r i t y  i n  p r o d u c t  t ypes  

and d i s t r i b u t i o n s  e x i s t ,  a wide r ange  of conve r s ions  of t h e  

i n d i v i d u a l  benzoth iophenes  w a s  observed .  Conversion, w a s  n o t  

n e c e s s a r i l y  related t o  h y d r o d e s u l f u r i z a t i o n .  For example, of t h e  

47% 2,3,7-trimethylbenzothiophene t h a t  reacted (TabJe 4 )  I o n l y  

16% w a s  conve r t ed  t o  s u l f u r  f r e e ’ p r o d u c t s .  

Table  4 

Conversion and Hyd rodes  u l  f u r  i za t i o n  S e l e c t i v i t y  
of Methyl- and Polymethyl-benzo [b]  t h iophenes  

P o s i t i o n  ( M e  group) none 7 2 2 , 7  3 3,7 2 , 3  2 , 3 , 7  

91-99 60 7 4  54 43 47 39 47 Conversion 

Hydrodes u l  f uri z a t iona -2  91-99 57 66 43 32 2 4  15 16  

100 95 89 80 75 5 1  38 34 S e l e c t i v i t y  ( % )  

a-1 

b 

a. Reported a s  p e r c e n t  r e a c t a n t  (1) c o n v e r t e d  and ( 2 )  d e s u l f u r i z e d .  
b o  Hydrodesulfurization/conversion x’ 100. 



S e v e r a l  c h a r a c t e r i s t i c s  are r e a d i l y  apparenf  on examining 

t h e s e  d a t a .  Gene ra l ly  an i n c r e a s e  i n  t h e  nwnber of  a t t a c h e d  methyl 

groups  dec reased  bo th  convers ion  and h y d r o d e s u l f u r i z a t i o n  s e l e c t i v i t y .  

Secondly,  t h e  p re sence  o f  methyl s u b s t i t u e n t s  on t h e  th iophene  r i n g  

p o s i t i o n s  markedly lowered t h e  h y d r o d e s u l f u r i z a t i o n  a c t i v i t y .  

T h i r d l y ,  a 3-methyl group caused a l a r g e r  dec rease  i n  hydrodesul- 

f u r i z a t i o n  s e l e c t i v i t y  t h a n  a 2-methyl s u b s t i t u e n q .  

methyl  s u b s t i t u e n t  had a c o n s i s t e n t  b u t  less pronounced effect. 

The re fo re ,  t h e  h y d r o d e s u l f u r i z a t i o n  s e l e c t i v i t y  sequence fo l lows  

t h e  o rde r :  7-CH3 > 2-CH3) 3-CH3. The c o n s i s t e n t  e f f e c t  o f  

a n  aromatic methyl  group on t h e  h y d r o d e s u l f u r i z a t i o n  s e l e c t i v i t y  

is  shown by comparing t h e  fo l lowing  h y d r o d e s u l f u r i z a t i o n  y i e l d s :  

Benxo [b] th iophene  > 7-CH3 

An a romat i c  

2-CH3 >12,7-(CH312 
c 

W e  found t h a t  t h e  h y d r o d e s u l f u r i z a t i o n  s e l e c t i v i t y  o f  t h e  2,3,7-  

t r i m e t h y l  d e r i v a t i v e  i s  abou t  t h e  same as t h a t  o f  2,3-dimethyl- 

benzo [b] th iophene .  

D. U n i d e n t i f i e d  P roduc t s  

The 2,3-dimethyl  compounds y i e l d e d  m o r e  hydrocarbon and 

s u l f u r  c o n t a i n i n g  p roduc t s  than  any of  t h e  o t h e r  r e a c t a n t s  examined 

(see Table  3 ) .  They a l s o  gave more u n i d e n t i f i e d  p roduc t s  t han  any 

of t h e  o t h e r  r e a c t a n t s .  I f  s imple  1,q-rnethyl s h i f t s  w e r e  t h e  s o l e  

mechanism by which rearrangement  p roduc t s  arose, t h e n  t h e  abundance 

of o t h e r  u n i d e n t i f i e d  m a t e r i a l s  appears  i n c o n s i s t e n t  w i t h  t h e  r a t h e r  

- l i m i t e d  number of conce ivab le  p roduc t s  t h a t  could  form. The 
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m u l t i p l i c i t y  of u n i d e n t i f i e d  p roduc t s  may r e s u l t  from a r i n g  

expans ion  mechanism such  a s  t h e  one shown below i n v o l v i n g  

thiachromene type  i n t e r m e d i a t e s .  

th iophenes  and thiachromenes could  o r i g i n a t e  by t h i s  mechanism. 

P roduc t s  such  a s  e thy lbenzo[b ] -  

The m u l t i p l i c i t y  of u n i d e n t i f  Fed hydroczrbon p roduc t s  

from t h e s e  2,3-dimethyl  s u b s t i t u t e d  benzo[b] th iophenes  a p p e a r s  t o  

p a r a l l e l  t h e  u n i d e n t i f i e d , s u l f u r  c o n t a i n i n g  p roduc t s  i n  t h e  same 

way t h a t  m o s t  of t h e  hydrocarbon p roduc t s  a r e  r e l a t e d  to  s u l f u r  

c o n t a i n i n g  p roduc t s  f o r  s u b s t r a t e s  having  up t o  one  th iophene  

methyl  s u b s t i t u e n t .  

E.  I n t e r m e d i a t e s  

1. Dihydrobcnzo [b]  th iophenes  

Evidence of  dihydrobenzo[b]thiophenes i n  t h e s e  r e a c t i o n s  

a t  4 0 O o C  and one atmosphere pressure can be found both  a t  low 

temperatures and at v e r y  h igh  f l o w  r a t e s .  A t  400°C and 0.3 LHSV 

t h e  noble  meta l  c a t a l y s t s  gave 2,3-dihydrobenzo [b ]  th iophene  (IV) 

in r a t h e r ,  low y i e l d  w h i l e  c o b a l t  molybdena gave none. Only a t  

1 
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h i g h e r  space  v e l o c i t i e s  ( 4  hr.-’) d i d  any I V  appear ,  and t h e n  i n  

Only 2 %  y i e l d  (Table  2 ) .  A t  3OOOC o v e r  c o b a l t  molybdena t h e  amount 

of I V  i n  t h e  product  w a s  e q u a l  t o  t h e  e thylbenzene  formed. N o  o t h e r  

p r o d u c t s  w e r e  p r e s e n t  ( T a b l e  5 ) .  Therefore ,  t h e  presence  of I V  i n  

t h e  product  m i x t u r e s  i s  c o n s i s t e n t  w i t h  it b e i n g  an i n t e r m e d i a t e  

i n  this r e a c t i o n .  

Table  5 

H y d r o d e s u l f u r i z a t i o n  a t  Lower Temperature over  C o b a l t  Molybdenaa 

Temp. PhCH2CH3 2 PhCH,CH.,SH b -- Reactan t  

-- 9 80 

I V  290 8 -- 74 18 

-- I 300 l o  
-- 
-- 2-CH3CH2PhSH (V)  290 94 5 0 . 1  1 

9 PhCH2CH2SH ( V I )  30 0 g 1 c  -- -- -- 

a. H2/HC = 3-5/1; LHSV = 2.4. 

b. Reactan ts  charged as 25% by we igh t  i n  hexane. 

c. I n c l u d e s  6 %  s t y r e n e  i n  t h e  p r o d u c t .  

W e  a l s o  observed t h e  d i h y d r o  i n t e r m e d i a t e  from t h e  

t r i m e t h y l  s u b s t r a t e .  When 2 I 3,7- t r imethylbenzo  [bl th iophene  was 

passed  over  c o b a l t  molybdena a t  29OOC only  a b o u t  1% convers ion  w a s  

observed. I n  a d d i t i o n  t o  3-sec-buty l to luene ,  two o t h e r  peaks 

i d e n t i c a l  w i t h - t h e  r e t e n t i o n  t i m e s  o f  e r y t h r o -  and t h r e o -  2,3- 

dihydr0-2~3~7-trimethylbenzo [bl  th iophene  were found. These t w o  

i somers  shown below w e r e  p repared  s e p a r a t e l y  by t h e  method d e s c r i b e d  

-3 CH3 

S 

CH3 CH3 CH3 . CH3 
e r y t h r o  t h r e o  
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in the  experimental section and are, at present, indistinguishable 

as to stereochemistry. 1 
1 

When 1% of 2,3-dimethylbenzo [b] thiophene was converted in 

the same way as noted above, sec-butylbenzene was found along with 

two peaks in the chromatograph not detected in the 400°C run. The 

retention times of these 2 peaks were similqr to those observed I 

I 
above for the 2 , 3-dihydro-2 , 3,7-trimethylbenzo [b] thiophenes, which 
suggests 

benzo [b] thiophene. We have not, however, compared these retention 

1 

the presence of erythro- and threo-2,3-dihydro-2,3-dimethyl- 1 

1 times with authentic samples. 

When IV was passed over cobalt molybdena under the 

conditions of this reaction, I and ethylbenzene were the only main 1 

1 products. The product distributions from I (Table 1) and IV 

(Table 6 )  were almost identical at 400°C and 0.3 LHSV. Even at 1 
1 
I 

Table 6 
a Hydrodesulfurization of 2,3- Dihydrobenzo [bl thiophene (IV) 

Product Distribution 

IV I Ethylbenzene Other - -  Catalyst 

Cobalt molybdate 2 1  95 2 

1 8  89 a f 
b Cobalt mqlybdate 

Cobalt molybdate' 2 6 8  30 -- 
f -- -- . Non-acidic Alumina' 95  5 

Pt on non-acidic alumina' 27 61 12 -- 
-- lo C Rh on non-acidic alumina 24 66 
-- Chromia-alumina' 32 58 lo 

a. Conditions: A O O O C ;  LRSV 0.30; H2/II = 4; samples faken 
after one hour on stream; IV is charged'as a 50% (by weight) 
mixture in hexane. 

b. 35OOC. 
c. NO carrier gas. 
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~ 3 0 0 O C  t h e  conve r s ions  of  I and I V  and t h e  y i e l d  of  d e s u l f u r i z e d  

product  w e r e  abou t  t h e  same (Table  5 ) .  W e  d i d  obse rve  some 

d e p a r t u r e  from appa ren t  e q u i l i b r i u m  a t  4 O O O C  and 4 LHSV where t h e  

d i s t r i b u t i o n s  from r e a c t i o n s  of I and I V  d i f f e r e d  somewhat (Table  7 ) .  

Since  I V  i s  i t se l f  a sou rce  o f  hydrogen t h e  d i f f e r e n t  p a r t i a l  p r e s s u r e s  

of hydrogen i n  t h e s e  t w o  r e a c t i o n s  could a f f e c t  t h e  p r o d u c t  d i s t r i -  

b u t i o n ,  a l though  such a l a r g e  i n c r e a s e  i n  d e s u l f u r i z e d  p roduc t  

(18 t o  40%)would n o t  be  expec ted .  Without  a l a r g e  e x c e s s  of 

hydrogen a c o n s t a n t  r a t i o  of I and I V  canno t  be  a n t i c i p a t e d .  

Table 7 

Comparison o f , t h e  H y d r o d e s u l f u r i z a t i o n  o f  
I and I V  o v e r  Coba l t  Molybdenaa 

Charge ( %  w t )  5 0 %  i n  Hexane Reac tan t  Composition 

a .  Liqu 

alumina. 

and 76%, 

I 

100 

50 

--- 

I V  

-- 
50 

100  

PhCH 2CH I I V  -- 
1 8  80 2 

22 70 8 

40 56 3 

d flow r a t e :  4 cc /h r . ,  H 2 ,  25 cc/min; 400OC; LHSV 4 .  

A t  4OOOC I V  w i l l  dehydrogenate  t o  t h e  e x t e n t  o f  5% o v e r  

Addi t ion  of P t  o r  F# i n c r e a s e s  t h e  r e a c t i o n  o f  I V  t o  73  

r e s p e c t i v e l y  (Table  6)  . Although d e s u l f u r i z a t i o n  w a s  

s m a l l  it was s i m i l a r  t o  t h a t  observed f o r  I ove r  t h e s e  same 

c a t a l y s t s .  

The re fo re ,  i t  a p p e a r s  t h a t  e q u i l i b r i u m  o c c u r s  r a p i d l y  

between I and I V  ( a s  d e p i c t e d  i n  eq.  8 ) .  The d e s u l f u r i z a t i o n  

r e a c t i o n  t h a t  g i v e s  e thylbenzene  i s  a slow s t e p  t h a t  d r a i n s  t h i s  
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equ i l ib r iu in  s t a t e  i n  a non- reve r s ib l e  manner. 

I V  form e thylbenzene  a t  comparable r a t e s ,  t o  exc lude  e i t h e r  as a 

S i n c e  bo th  I and 

. I  

CH2CH3 + H2S 

@ 
s o u r c e  of d e s u l f u r i z e d  p roduc t  i s  n o t  p o s s i b l e  by our  d a t a .  I f  w e  

assume €or  the  p r e s e n t  t h a t  I V  i s  t h e  sou rce  of e thylbenzene ,  

d e s u l f u r i z a t i o n  may b e  a m u l t i s t e p  p rocess  invo lv ing  f i r s t  a 

c l eavage  of  one ca rbon- su l fu r  bond to  g i v e  a discrete mercaptan 

i n t e r m e d i a t e  fo l lowed by  a second ca rbon- su l fu r  bond c l eavage  t o  

g i v e  hydrocarbon p r o d u c t  and H2S. 

l o s t  i n  a one s t e p  p r o c e s s  invo lv ing  a synchronous b reak ing  o f  two 

ca rbon- su l fu r  bonds g i v i n g  rise t o  hydrocarbon p roduc t  d i r e c t l y  

w i t h o u t  i nvo lv ing  mercaptan i n t e r m e d i a t e s .  

A l t e r n a t i v e l y ,  s u l f u r  may be 

A 

2. 2-Ethyl th iophenol  I 

A stepwise ca rbon- su l fu r  bond c l eavage  i n  I V  could  r e s u l t  

i n  2 -e thy l th iopheno l  (V) 

broken  a s  shown i n  eq.  9 .  

(eq.  3)  i f  t h e  bond between C2 and S were 
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Such a n  i n t e r m e d i a t e  h a s  never  been d e t e c t e d  i n  o u r  product  mix- 

t u r e s .  When V w a s  passed  o v e r  c o b a l t  molybdena i n  hydrogen a t  

29O0C, 94% was c o n v e r t e d  t o  e thylbenzene  and 1% t o  I (Table  5). 

S i n c e  u n d e r ' s i m i l a r  c o n d i t i o n s  t h i o p h e n o l  i s  also c o m p l e t e l y  con- 

verted t o  benzene, it a p p e a r s  t h a t  t h e  rate o f  d e s u l f u r i z a t i o n  

of a r y l  mercaptans,  i n  p a r t i c u l a r  v, is about  30 t i m e s  f a s t e r  than  

t h a t  o f  I * excludes  any l i k e l y  p o s s i b i l i t y  o f  f i n d i n g  them in t h e  

p r o d u c t  mixture .  The presence  o f  1% of I i n  t h e  p r o d u c t  c a n  b e  I 
b e x p l a i n e d  by t h e  r e v e r s i b i l i t y  of eq.  9 as i s  w e l l  known (27,321. 

I 400°C. 

The reverse r e a c t i o n  i n  hydrogen a p p a r e n t l y  i s  n o t  favored  a t  

3.  -Phenyle thyl  mercaptan 

i Cleavage of  t h e  o t h e r  c a r b o n - s u l f u r  bond i s  a lso p o s s i b l e  

(eq. 1 0 ) .  

mediate a l though;  a g a i n ,  it could  not  b e  d e t e c t e d .  

1 - P h e n y l e t h y l  mercaptan (VI) might  be a l i k e l y  i n t e r -  

A t  300°C i n  I 
CH2CI12SH 

/ 
I V  V I  

(10) 

hydrogen it forms e thylbenzene  and s t y r e n e  i n  g r e a t e r  t h a n  90% 

y i e l d  w i t h o u t  any t r a c e  o f  I or I V .  V I  appears  t o  r e a c t  a t  a b o u t  

t h e  same rate  as V which i s  30 t i m e s  f a s t e r  t h a n  e i t h e r  t h a t  o f  

I or IV.* S ince  a l k y l  mercaptans are so e a s i l y  d e s u l f u r i z e d ,  even 

*This  can b e  deduced from t h e  d a t a  i n  Table  5. 
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i n  t h e  absence  o f  hydrogen, i t  is h i g h l y  u n l i k e l y  t h a t  V I  can be 

found. Indeed,  it must  be a t  most on ly  a ve ry  s h o r t - l i v e d  i n t e r -  ' 

media te .  
il 

The r e v e r s i b i l i t y  o f  t h i s  r e a c t i o n  (eq .  1 0 )  a t  e i t h e r  

300° or 4 O O O C  is n o t  l i k e l y ,  a l though  under  s u i t a b l e  c o n d i t i o n s  

(6OOOC) I can  be formed (33 ,34 ) .  On examining t h e  r e a c t i o n  some- 

what f u r t h e r ,  i t  a p p e a r s  t h a t  even alumina w i l l  c a t a l y z e  i t s  

decomposi t ion ,  g i v i n g  s t y r e n e  p r i m a r i l y .  I n  t h e  p re sence  of  a 

hydrogenat ion  f u n c t i o n ,  however, e thy lbenzene  i s  t h e  main product  

(Table  8 ) .  A s o l i d  (mp 133-135OC) was observed  from t h e  r e a c t i o n  

i 
1 

1 
Table 8 

/ -Phenylethyl  Mercaptan ( V I )  Hydrogenolysisa 

C a t a l y s t  Gas S t y r e n e  Ethylbenzene 

-- 
1 

1 
1 

N2 I 

84 1 4  

1 96 

22 74 

-- 1 0 0  

A1203 H 2  

Pt/A1203 HZ 

H2 

Pt/A1 203 

CoMo 

a. 400OC; LHSV 0 .30;  Conversion 1 0 0 % ;  non-ac id ic  
a lumina  (13) was used. 

i n  hydrogen over a lumina .  I t s  mass spectrum had a p a r e n t  i on  t h a t  

w a s  a l s o  t h e  b a s e  peak a t  m / e  236. This  is s u g g e s t i v e  of diphenyl-  

t h iophene  i s o l a t e d  p r e v i o u s l y  i n  s i m i l a r  systems ( 3 3 ) .  

OTHER INTERMEDIATES 

There a r e  o t h e r  a l t e r n a t i v e  r o u t e s  b e s i d e s  t h o s e  t h a t  

a r i se  by i n i t i a l  ca rbon- su l fu r  bond c leavage .  We have examined 

t h e  p c s s i b i l i t y  of  an i n i t i a l  C-C c leavage .  I f  d ihydro  X I 1  were 



- 157 - 

fragmented a s  shown here;methyl 2-ethylphenyl  s u l f i d e  would be, 

formed (eq. 11). I n  order for t h i s  s u l f i d e  t o  f i t  t h e  p r o d u c t  

d ihydro - I11  

@cH2cH3 

d i s t r i b u t i o n ,  it must d e s u l f u r i z e  t o  g i v e  cumene. Under t h e s e  

c o n d i t i o n s  2-ethylphenyl  methyl  s u l f i d e  gave no cumene. 

p r o d u c t s  found w e r e  a s m a l l  a m o u n t  of I and e thylbenzene  (Table 9 ) .  

O v e r  Pt/A1203 somewhat m o r e  I w a s  formed, b u t  no cumene. 

r u l e s  o u t  t h e  p o s s i b i l i t y  of a n  i m p o r t a n t  %-C3 bond-breaking sequence. 

The o n l y  

This 

Table  9 

g d r o g e n a t i o n  of Alkyl  Aryl  S u l f i d e s  a t  4OOOC 

P r o d u c t s  
R R’ C a t a l y s t  Gas e. Benzene PhCH,CH3 2 -- 

-- -- 99 99 

41a 

9gb -- 89 8 .  

-- -- -- H C2H5 Pt/A1203 H2 
C2H5 A1203 N2 

H2 
H2 

-- 99 -- loob C2H5 CH3 CoMo 

C2H5 “3 Pt/Al 2O 

a. Thiophenol .was t h e  o n l y  p r o d u c t .  
b. No 2-e thyl th iophenol ,  cumene or 111 w a s  

d e t e c t e d .  

. . .  

. .  

. .  
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Other  p a r t i a l l y  hydrogenated  s t r u c t u r e s  b e s i d e s  I V  a r e  

a l s o  p o s s i b l e  intermediates. Complete o r  p a r t i a l  hydrogenat ion  of 

The p o s s i b i l i t y  of c l eavage  of t h e  Caryl - Calkyl 

bond ( eq .  1 2 )  was also e l i m i n a t e d  s i n c e  e t h y l  phenyl  s u l f i d e  

S-CH 2-CH3 CH2CH3 

I V  
v I ( 1 2 )  

Teacts i n  hydrogen o v e r  Pt/A1203 (Table  9 )  to  g i v e  benzene i n  99% 

y i e l d .  N o  e thylbenzene  was d e t e c t e d ,  no r  were I and I V  found. 

Presumably c o b a l t  molybdena, would act  s i m i l a r l y .  

e t h y l  phenyl  s u l f i d e  or 2-e thylphenyl  methyl  s u l f i d e  g i v e s  p roduc t s  

S ince  n e i t h e r  

c o n s i s t e n t  w i th  t h o s e  observed  from t h e  r e s p e c t i v e  benzo[b l th io -  

phenes  

. t he  r i n g  system h a s  been  proposed b e f o r e  d e s u l f u r i z a t i o n  r e a c t i o n s  

(11). Hydrodeni t rogenat ion  r e a c t i o n s  are a l s o  t h o u g h t t o  proceed by 

t h i s  r o u t e  (35 ,36 ) .  The re fo re ,  4,5,6,7-tetrahydrobenzothiophene I 

(VII), a p a r t i a l l y  hydrogenated  benzqthiophene and t h u s  a p o s s i b l e  
,A 

i n t e r m e d i a t e ,  was examined under t h e s e  c o n d i t i o n s  a t  4 O O O C  ove r  
i 

I 

V I  I 



c o b a l t  molybdena. I t  r e a c t e d  a lmost  comple te ly ,  g i v i n g  I ,  I V  and 

e thylbenzene  (Table  8) which i s  c o n s i s t e n t  w i th  t h e  p r o d u c t s  from 

I. However, even i n  t h e  absence o f  hydrogen, V I 1  was conve r t ed  

e a s i l y ,  a l though n o t  w i t h o u t  a hydrogenat ion  f u n c t i o n  p r e s e n t .  A t  

Table  1 0  

React ion o f  4,5,6,7-Tetrahydrobenzothiophene ( 1 7 1 1 )  

C a t a l y s t  Temp. OC Conv. PhC11,CH3 _L E Other  

Coba l t  molybdenaa 400° 92 36 58 3 

290° 12 22 3 9 (63% o t h e r  Cobal t  molybdena b 

non-ac id ic  alumina" 400° 0 m a t e r i a  1 ) 

Coba l t  molybdena 

a . .  LHSV 4 . 0 ;  H2/HC = 4 ;  5 0 %  V I 1  i n  hexane 

b. LHSV 2 . 4 ;  H2/HC = 4 ;  2 5 %  V I 1  i n  hexane 

c. LHSV 0.30; N as c a r r i e r  gas ;  50% V I 1  i n  hexane 

a. 

hydrogenated 

400° 100  30 67 -- d 

2 
LHSV 0.30;,.N2 as c a r r i e r  gas  N /HC = 4 ,  t o l u e n e  and I V  less 2 

t han  1%. 50% V I 1  i n  hexane 

2 9 O o C ,  however, V I 1  was o n l y  1 2 %  conve r t ed ,  63% be ing  hydrogenated 

m a t e r i a l s  n o t  p rev ious ly  observed from I or I V .  The behav io r  

a t  low tempera ture  p r e c l u d e s  any p o s s i b i l i t y  of V I 1  b e i n g  an 

i n t e r m e d i a t e  i n  t h i s  r e a c t i o n .  

Therefore ,  i n  summary o u r  r e s u l t s  show t h a t  d e s u l f u r i z a -  

. t i o n  may occur  by a sequence invo lv ing  c l eavage  of  one C-S bond t o  

g i v e  a mercaptan,  fo l lowed by c leavage  of t h e  second bond t o  g i v e  

e thylbenzene .  The r e l a t i v e  e a s e  of ,  hydrogeno lys i s  o f  t h e  C-S bonds 

of  e i t h e r  t h e  a r y l  mercaptans o r  a l k y l  mercaptans a p p e a r s  t o  be about  

t h e  same under t h e s e  c o n d i t i o n s .  I n  t h e  absence o f  hydrogen, 
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however, t h e  a l k y l  ca rbon- su l fu r  bond i s  broken p r e f e r e n t i a l l y  

s i n c e  e t h y l  pheny l  s u l f i d e  over  a lumina i n  N2 g i v e s  phenyl m e r -  

c a p t a n  i n  4 0 %  y i e l d  as t h e  only  p roduc t  (Table  9 ) .  Our d a t a  can 

o n l y  conclude t h a t  i f  a s t epwise  p rocess  does occur ,  t hen  carbon-  

s u l f u r  bond c l e a v a g e  would n o t  b e  s e l e c t i v e .  

CONCLUSIONS 

1. The p r o d u c t s  from h y d r o d e s u l f u r i z a t i o n  of  methyl- 

s u b s t i t u t e d  benzo[b ] th iophenes  a t  a tmospher ic  p r e s s u r e  and 4 0 0 ° C  

s t e m  from c e r t a i n  common p a t h s ,  as po in ted  o u t  and schemat i ca l ly  

i ' l l u s t r a t e d  f o r  3,7-dimethylbenzo [b]  th iophene  below. 

A. D i r e c t  s u l f u r  e x t r u s i o n  from t h e  pr imary r e a c t a n t .  

€3. Alky l  group migra t icnon t h e  th iophene  r ing .  

C. D e a l k y l a t i o n  from t h e  th iophene  r i n g .  

D. S u l f u r  e x t r u s i o n  from r e a r r a n g e d  o r  demethylated 

secondary  p roduc t s .  

E. Relat ive i n e r t n e s s  o f  benzene r i n g  methyl  groups 

t o  d e a l k y l a t i o n  or mig ra t ion .  

A 

0" I 0" I 
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t 

2 .  Conversions,  p roduc t  d i s t r i b u t i o n  and- h y d r o d e s u I f u r i z a t i o n  

s e l e c t i v i t i e s  w e r e  h i g h l y  dependent upon t h e  number and p o s i t i o n s  

of t h e  methyl groups.  The g r e a t e r -  t h e  number of methyl  groups; 

t h e  lower t h e  convers ion .  

v e r s i o n  and h y d r o d e s u l f u r i z a t i o n  s e l e c t r v i t i e s .  more than  a. methyl 

s u b s t i t u e n t  on t h e  benzene r ing;  

Thiophene methyl. groups- l o w e r  the Con- 

3. Dihydrobenzo [b] thiophenes-  appea-r t o  be  intermed'kates- i n  

t h e s e  r e a c t i o n s .  The i r  d e t e c t i o n  under  c e r t a i n  r e a c t i o n  c o n d i t i o n s  

and  t h e i r  behav io r  under  similar r e a c t i o n  c o n d i t i o n s  s u p p o r t s  t h i s  

conc lus ion .  

4 .  The d e s u l f u r i z a t i o n  s t e p  invo lves  C+S.bond breaking .  NO 
c 

evidence  w a s  found f o r  C-C. bond' breaking. .  
b 

5 .  Aromatic r i n g  s a t u r a t i o n  i s  n o t  necessary,  b e f o r e  Caryr-S 
I 

bond breaking  occur s .  

I 
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